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ABSTRACT

This study seeks to reconcile discrepancies between previous studies analyzing the relationship between

lightning and tropical cyclone (TC) intensity change. Inner-core lightning bursts (ICLBs) were identified from

2005 to 2014 inNorthAtlantic (NA) and easternNorth Pacific (ENP) TCs embedded in favorable environments

(e.g., vertical wind shear # 10m s21; sea surface temperatures $ 26.58C) using data from the World Wide

Lightning LocationNetwork (WWLLN) transformed onto a regular grid with 8-km grid spacing to replicate the

expected nadir resolution of the Geostationary Lightning Mapper (GLM). Three hypothesized factors that

could impact the 24-h intensity change after a burst were tested: 1) prior intensity change, 2) azimuthal burst

location, and 3) radial burst location. Most ICLBs occurred in weak TCs (tropical depressions and tropical

storms), and most TCs intensified (remained steady) 24 h after burst onset in the NA (ENP). TCs were more

likely to intensify 24 h after an ICLB if they were steady or intensifying prior to burst onset. Azimuthally, 75%

of the ICLBs initiated downshear, with 92% of downshear bursts occurring in TCs that remained steady

or intensified. Of the ICLBs that initiated or rotated upshear, 2–3 times more were associated with TC

intensification than weakening, consistent with recent studies finding more symmetric convection in intensifying

TCs. The radial burst location relative to the radius of maximum wind (RMW) provided the most promising

result: TCs with an ICLB inside (outside) the RMW were associated with intensification (weakening).

1. Introduction

Several recent studies have focused on the utility of

lightning data to improve short-term (e.g., 24 h) tropical

cyclone (TC) intensity forecasts; however, the relation-

ship between lightning activity and TC intensity change

is inconsistent among these studies. Earlier studies

utilized lightning from the continent-based National

Lightning Detection Network (NLDN; Molinari et al.

1994, 1999), the Microlab-1 satellite’s Optical Transient

Detector (OTD; Cecil and Zipser 1999), Vaisala’s Long-

Range Lightning Detection Network (LLDN; Squires

and Businger 2008), and the Tropical Rainfall Measur-

ing Mission’s (TRMM’s) Lightning Imaging Sensor

(LIS; Jiang and Ramirez 2013; Xu et al. 2017), while

more recent studies have used global, ground-based

lightning detection networks, such as the World Wide

Lightning Location Network (WWLLN; Price et al.

2009; Pan et al. 2010, 2014; Abarca et al. 2011; DeMaria

et al. 2012; Stevenson et al. 2014, 2016; Zhang et al. 2015;

Zawislak et al. 2016; Rogers et al. 2016), to analyze the

spatial and temporal characteristics of lightning in TCs.

The radial distribution of lightning in TCs has a distinct

pattern with two maxima. Deep convection in both

the inner core (;0–100km) and outer rainbands (;200–

300km) exhibits the largest lightning frequency, with a

distinct minimum in the stratiform-dominated inner

rainband (;100–200km), or moat, region (Molinari et al.

1999; Cecil et al. 2002; Abarca et al. 2011; Stevenson et al.

2016). The focus of this study is the inner-core maximum,

which has been heavily researched in the recent literature
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with varying results concerning its relationship to TC

intensity change.

In the northwest Pacific basin, large inner-core light-

ning flash rates were found in intensifying TCs (Zhang

et al. 2015) prior to the maximum intensity (Pan et al.

2010, 2014). Several studies based in the eastern North

Pacific and North Atlantic have found similar results

(Molinari et al. 1994; Price et al. 2009; Abarca et al. 2011;

Stevenson et al. 2014; Zawislak et al. 2016); however, the

opposite relationship has also been noted in these basins,

where a larger lightning flash density was evident in

weakening TCs (DeMaria et al. 2012; Jiang and Ramirez

2013; Stevenson et al. 2016; Xu et al. 2017). Molinari et al.

(1999) and Squires and Businger (2008) both noted cases

where inner-core lightning outbreaks occurred either

during rapid intensification or just prior to weakening.

The studies above utilized lightning networks that

were either confined to regions near the coastline

with a high detection efficiency (e.g., NLDN, LLDN),

capable of capturing global lightning with a relatively

low detection efficiency (e.g., WWLLN), or temporally

confined to a 90-s snapshot of a region with a high de-

tection efficiency (e.g., LIS, OTD). Additionally, these

networks vary in the types of lightning they are able to

detect. The NLDN primarily captures cloud-to-ground

(CG) lightning, while the WWLLN is able to capture

both CG and intracloud (IC) lightning, although the

WWLLN detection efficiency of CG flashes is ap-

proximately twice that of IC flashes (Abarca et al.

2010). Although the LIS and OTD instruments were

limited in their temporal sampling, they were able to

detect total lightning (CG 1 IC) with high detection

efficiency. Continuous coverage of total lightning in

TCs will soon become available operationally with the

Geostationary Lightning Mapper (GLM) instrument

on board Geostationary Operational Environmental

Satellite-16 (GOES-16). The GLMwill become the first

instrument capable of providing the temporal evolu-

tion of lightning in TCs with high detection efficiency

[estimated 70%–90%; Goodman et al. (2013)]; thus,

any consistent relationships established between TC

lightning activity and intensity change would be useful

for predicting future TC intensities when the GLM

data become available.

Potential reasons for the disparities in the sign of the

intensity change following an inner-core lightning out-

break have been addressed by a few studies. First,

Molinari et al. (1999) proposed that a weakening,

steady, or slowly intensifying TCmight be more likely to

intensify after an inner-core lightning outbreak, whereas

intensification may end or reverse if an inner-core

lightning outbreak occurs in a TC that has been inten-

sifying for some time.

Second, case studies by Fierro et al. (2011), Stevenson

et al. (2014) and Rogers et al. (2016) showed that inner-

core lightning outbreaks may be associated with in-

tensification when they rotate upshear of the center.

Many other recent satellite-based studies have shown

that upshear convection often precedes intensification

as a result of more symmetric heating around the TC

center (Zagrodnik and Jiang 2014; Alvey et al. 2015;

Fischer et al. 2017). The azimuthal distribution of con-

vection and lightning in TCs are primarily controlled by

the deep-layer environmental vertical wind shear

(Corbosiero and Molinari 2003), with more active

lightning downshear left (right) in the inner core (outer

rainbands) (Corbosiero and Molinari 2002). The re-

sponse of the TC vortex to the environmental vertical

wind shear is thought to control this azimuthal distribu-

tion of lightning, such that a vortex tilted downshear will

attempt to realign through an enhanced secondary cir-

culation downshear (Reasor et al. 2004), resulting in

deeper convection capable of producing lightning. How-

ever, Stevenson et al. (2014) showed a case where light-

ning peaked upshear left, consistent with the observed tilt

of the TC vortex, prior to rapid intensification. This result

led the authors of that study to hypothesize that the azi-

muthal location of an inner-core lightning burstmay have

implications on the future 24-h intensity change.

Third, Stevenson et al. (2014), Susca-Lopata et al.

(2015), and Rogers et al. (2016) presented case studies

where an inner-core lightning outbreak occurred radially

inward of the radius of maximum wind (RMW) prior to

intensification. Rogers et al. (2013) also found that deep

convection, identified by updraft strength, was located

radially inward (outward) of the RMW in intensifying

(steady state) TCs. When convection is located inside the

RMW, higher inertial stability radially confines the

warming response, leading to a larger intensification of

the vortex (Vigh and Schubert 2009). Dynamically, deep

convection inside the RMW can force the secondary

circulation, and thus the eyewall, tomove radially inward,

leading to TC intensification (Shapiro and Willoughby

1982; Smith and Montgomery 2016).

This study adopts an objective method of identifying

inner-core lightning bursts (i.e., concentrated regions of

deep convection) in North Atlantic and eastern North

Pacific TCs from 2005 to 2014 using the WWLLN. The

identified inner-core lightning bursts are analyzed with

respect to three factors hypothesized to impact the 24-h

intensity change: 1) the prior 24-h intensity change, 2)

the azimuthal location of the burst, and 3) the radial

location of the burst. The data and methods are de-

scribed in section 2. Section 3a surveys the identified

inner-core lightning bursts, and section 3b analyzes

how the aforementioned factors impact the future 24-h
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intensity change. A summary and conclusions are pro-

vided in section 4.

2. Data and methods

a. Inner-core lightning burst identification

An inner-core lightning burst (ICLB) is defined in this

study to objectively identify concentrated regions of

enhanced lightning flash density in the TC inner core.

Lightning flash locations for all TCs in the eastern North

Pacific (ENP) and North Atlantic (NA) from 2005

to 2014 were obtained from the WWLLN (operated by

the University of Washington; http://wwlln.net). The

WWLLN has provided continuous, global lightning

coverage throughout the ENP and NA tropical cyclone

seasons (May–November) since 2005 (Rodger et al.

2009), although detection efficiency has steadily in-

creased as sensors have been added to the network.

Similar to DeMaria et al. (2012), adjustment factors

were applied to the WWLLN data in each basin using

yearly lightning densities estimated from the LIS/OTD

instruments’ High Resolution Full Climatology dataset

(Cecil 2001) to account for the growing network over the

10-yr study period (Table 1). Detection efficiencies are

higher over ocean than over land for the WWLLN

(Rudlosky and Shea 2013), ranging from 25% to 50% in

the ENP and NA, making the WWLLN an ideal net-

work with continuous observations for TC studies.

The locations of TCs were obtained from the National

Hurricane Center (NHC) best-track dataset, which

provides TC center locations in 6-h intervals. For this

study, tracks are linearly interpolated to 1-h intervals to

better capture the azimuthal and radial distribution of

lightning. Despite the NHC best track’s inability to

capture erratic movement at shorter time intervals

(Landsea and Franklin 2013), Stevenson et al. (2014)

found similar lightning distributions when using a finer

time resolution track from aircraft reconnaissance.

Lightning flash locations were transformed into

lightning densities on an 8km 3 8 km spatial grid cen-

tered on the interpolated best-track center for each

TC hour. The grid spacing was chosen to align with the

expected nadir resolution of the GOES-16 GLM

(Goodman et al. 2013). Despite the WWLLN’s location

accuracy of approximately 10 km (Rodger et al. 2009;

Rudlosky and Shea 2013), the most extreme lightning

outbreaks in the inner core (i.e., ICLBs) were captured

on the smaller spatial grid. For the purposes of this

study, the traditional inner-core radial range [0–100 km;

e.g., Corbosiero and Molinari (2002, 2003); DeMaria

et al. (2012)] was kept for major hurricanes (i.e., Saffir–

Simpson scale of category 3 or higher), while a larger

radial range (0–150km) was examined for weaker TCs.

The variability of the inner-core radius is supported by

RMW data from the Extended Flight Level Dataset for

Tropical Cyclones (FLIGHT1; Vigh et al. 2016), which

transforms all U.S. Air Force Reserve and National

Oceanic and Atmospheric Administration (NOAA)

radial legs that were at least 45 km in length and within

25 km of the TC center into a quality-controlled, storm-

relative framework (Fig. 1). Weaker TCs [i.e., tropical

depressions (TDs), tropical storms (TSs), and category 1

and 2 hurricanes (H1 and H2) on the Saffir–Simpson

scale] have a nonnegligible RMW distribution that ex-

tends beyond 100km.

ICLBs were identified by first finding the maximum

hourly lightning flash density within the inner core that

fell in the upper quartile of all TC hours that had at least

one flash. For the ENP (NA), this required the maxi-

mum hourly flash density on the 8-km grid to be larger

than 20.3 (17.9) 3 1023 flashes km22min21. Second,

ICLBs were also required to have an average inner-

core flash density (i.e., calculated over the entire 0–100

or 0–150 km from the TC center) that fell in the upper

quartile of all TC hours with at least one flash. For the

ENP (NA), this required the average hourly inner-core

flash density to be larger than 8.9 (12.6) 3 1025 flashes

km22min21. This second average flash density thresh-

old in the ICLB identification ensures that the maxi-

mum flash density identified in the first step is not

confined to one grid box, especially since large adjust-

ment factors were applied to the WWLLN data early in

the study period (see Table 1). Despite the large ad-

justment factors influencing these thresholds, particu-

larly in the ENP, the results presented in this study were

found to be robust even if the thresholds were lowered

(not shown). Caution should be exercised, however,

when comparing ENP and NA results, as the thresholds

for ‘‘extreme’’ lightning bursts may not translate uni-

formly between basins.

TABLE 1. The adjustment factors applied to theWWLLN data for

each year in the ENP and NA basins based on the yearly lightning

densities from the LIS/OTD 0.58High Resolution Full Climatology.

ENP NA

2005 94.7 20.8

2006 23.4 13.0

2007 24.5 13.3

2008 10.5 9.7

2009 5.5 5.7

2010 5.9 4.8

2011 4.7 4.3

2012 3.4 3.4

2013 3.0 3.5

2014 2.9 3.3
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After TC hours with an ICLB were identified, the

database was consolidated to remove duplicate ICLBs

(i.e., bursts that lasted longer than 1h), thus isolating the

burst onset time. An ICLB was considered to be the

same burst in consecutive hours if the distance traveled

by the burst was less than the horizontal distance a

parcel could travel given the maximum tangential wind

speed from the NHC best track. Burst longevity will be

briefly discussed in section 3, but the primary focus will

be on the relationship between ICLB onset and future

24-h intensity change.

b. Environmental controls

Since the 24-h intensity change after the ICLB is the

main focus of this study, ICLBs that occurred within 24h

of landfall were not included. Furthermore, environ-

mental factors, such as sea surface temperature (SST)

and vertical wind shear, are known to be strongly cor-

related with TC intensity change (Kaplan and DeMaria

2003). The Statistical Hurricane Intensity Prediction

Scheme (SHIPS;DeMaria andKaplan 1994) was used to

obtain a weekly 18-resolution Reynolds SST (Reynolds

and Marsico 1993) and a deep-layer (850–200 hPa) ver-

tical wind shear azimuthally averaged between the 200-

and 800-km radii for each identified ICLB. Only TCs

exhibiting SSTs $ 26.58C and vertical wind shear #

10m s21 at burst onset were included in an effort to

further isolate the influence of an ICLB on TC intensity

change. Gray (1968) stated that this SST threshold is a

necessary, but insufficient, thermodynamic constraint

for tropical cyclogenesis, and several studies have noted

the negative impacts of strong vertical wind shear on TC

intensity (DeMaria 1996; Frank and Ritchie 2001; Tang

and Emanuel 2010).

3. Results and discussion

a. Survey of ICLBs

In the ENP (NA), 32% (51%) of all 17814h (14594h)

observed in TCs from 2005 to 2014 exhibited at least one

lightning flash in the inner core. A total of 1117h (1573h)

met both the aforementioned maximum and average

hourly lightning flash density criteria in the ENP (NA),

resulting in 519 (705) uniquely identified ICLBs once

hours beyond the burst onset time for long-duration

bursts were excluded. Figure 2 highlights the locations

within the basins where the ICLBs occurred, overlaid

with climatological SSTs from the most active month in

the respective basin. In both the ENP and NA, the bursts

occurred more frequently in regions closer to landmasses

and in regions of warm SSTs. Stevenson et al.’s (2016)

‘‘sweet spot’’ of 288–308C SSTs for lightning in TCs

matches well with where the most extreme lightning flash

rates were found. The sample size of ICLBs was reduced

to 410 (443) in the ENP (NA) once the cases in un-

favorable TC environments (i.e., SST , 26.58C and

shear . 10ms21) were removed. For the remainder of

this paper, only the ICLBs that were in favorable envi-

ronments will be discussed.

The seasonal distribution of TC activity between 2005

and 2014 in the ENP (NA) was normally distributed

with peak activity observed in August (September)

(Figs. 3a,b, black lines). In the NA, the seasonal distri-

bution of ICLBs (Fig. 3b, green line) was nearly iden-

tical to that of TC activity; however, in the ENP, a much

more complex relationship was observed (Fig. 3a). The

ENP experienced relative maxima in ICLB activity

near the beginning of the season (May), during peak

TC activity (August), and near the end of the season

(October). Kucienska et al. (2012b) found a similar

distribution in their study of lightning in the ENP, with

maxima in May and August, and minima in June and

September, consistent with periods of observed easterly

and westerly winds, respectively (Romero-Centeno

et al. 2007).

Many studies have attributed the seasonal patterns of

rainfall and lightning to the nonlinear interactions with

FIG. 1. Distributions of the RMW (km) as a function of TC in-

tensity for all 2005–14 ENP and NATCs in the FLIGHT1 dataset.

Whiskers represent values at the 10th and 90th percentiles.
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SST fluctuations and changes in the dynamics and mi-

crophysics over the ENP. A maximum in deep con-

vection over the ENP is reached when SSTs exceed

298C around May (Waliser and Gautier 1993; Magaña
et al. 1999), consistent with the first observedmaxima in

ICLBs. SSTs decrease afterward as convection limits

the solar radiation (Magaña et al. 1999), and stronger

easterly winds in July and August coincide with an in-

crease in the strength of the Tehuantepec jet in south-

ern Mexico (Romero-Centeno et al. 2007). Although

precipitation is observed to decrease over both land and

ocean during this time (sometimes referred to as the

midsummer drought), the frequency of lightning in-

creases as continental cloud condensation nuclei are

transported several hundred kilometers offshore by the

Tehuantepec jet, thus increasing the likelihood of the

electrification of clouds over the oceans (Kucienska

et al. 2012a). The spatial locations of the ICLBs, color

coded by month, are shown in Figs. 3c and 3d. Many of

the ICLBs near the Mexican coastline in the ENP

FIG. 2. The frequency of ICLBs (count; color fill) and the monthly mean SSTs (8C; black contours) in the (a) ENP and

(b) NA. The August and September SSTs are shown for the ENP and NA, respectively, to align with the peak in seasonal

activity. Climatological SSTdata from1981 to 2010were obtained from theNOAAExtendedReconstructed SST, version 3b.

FIG. 3. The total number of TC hours from 2005 to 2014 (black) and the number of TCs hours with an ICLB

(green) for the (a) ENP and (b) NA for eachmonth. The spatial distribution of ICLBs for the (c) ENP and (d) NA is

color coded by month.

FEBRUARY 2018 S TEVENSON ET AL . 27



occurred during May, July, August, and October. Pre-

vious studies have noted these months are characterized

by a stronger jet in the Tehuantepec region and easterly

zonal winds (i.e., a dynamic influence that perhaps

provides a source of continental aerosols for oceanic

convection to become electrified).

Figure 4 shows the distribution of ICLB occurrence

as a function of TC intensity at the time of burst onset.

Most ICLBs occurred in weak TCs (e.g., TD and TS) as

expected, since previous studies have shown that weak

TCs tend to produce larger lightning flash densities than

strong TCs (Cecil and Zipser 1999; Abarca et al. 2011;

DeMaria et al. 2012). It is worth noting that the clima-

tological bias toward the occurrence of weak TCs in the

database does not change this result, as a higher per-

centage of weak TCs had an observed ICLB when

compared to strong TCs. Of the ICLBs in TCs that re-

mained tropical (as defined by NHC) 24h later, a large

portion experienced either intensification (Dy24h $

5m s21; 34% in ENP and 46% in NA) or remained

steady (25ms21 , Dy24h , 5ms21; 51% in ENP and

42% in NA), while a mere 11%–14% weakened

(Dy24h # 25m s21).

Figure 4 suggests that the likelihood of certain in-

tensity changes varies based on the TC intensity at the

time of the ICLB onset. TDs andTSsweremore likely to

intensify or remain steady, while strong TCs were more

likely to weaken, which is a pattern that matches well

with DeMaria and Kaplan’s (1994) statistical analysis

that found TCs farther from their theoretical maximum

potential intensities were more often associated with

intensification. These results indicate that most ICLBs

are not associated with weakening and, in fact, a sig-

nificantly larger fraction experience intensification. This

contradicts DeMaria et al.’s (2012) findings in the same

basins; however, their study analyzed average inner-

core lightning densities in all TCs regardless of the shear

or SSTs, while our study isolates concentrated regions of

lightning in the inner core of TCs in favorable environ-

ments (i.e., low shear and warm SSTs). In fact, many of

the cases with the largest inner-core lightning densities

inDeMaria et al.’s (2012) study occurred in the presence

of high shear and subsequently weakened (see their

Table 2).

Burst longevity was comparable between the two

basins, and no clear relationship between ICLB lon-

gevity and 24-h intensity change was found (not shown).

Most (56%) of the identified ICLBs in a favorable

environment only met both lightning density criteria

for 1 h. Approximately 19% of the ICLBs lasted 2 h,

and only 5% lasted 6h or more. It is worth noting that

lightning could have continued in these ICLBs for a

longer duration; however, the methodology specifically

isolates hours with extreme flash densities. For example,

the ICLB in Hurricane Earl (2010), described in

Stevenson et al. (2014), was captured for 4 h using the

present methodology, despite evidence of the lightning

continuing for a longer duration with lower flash densi-

ties (see their Fig. 7).

b. Relationship to intensity change

1) PRIOR INTENSITY CHANGE

The strongest signal that arose between the prior and

future 24-h intensity changes was persistence (Fig. 5). In

both basins, a large frequency of TCs that were in-

tensifying prior to the ICLB onset continued to intensify

afterward. The same holds true for the steady and

weakening cases, with an exception being in the ENP

with ICLBs in TCs that were weakening prior to burst

FIG. 4. Histograms of the frequency of ICLBs in favorable environments for varying TC intensities (gray bars) in

the (a) ENP and (b) NA. Dots display the percentage of ICLBs in each TC intensity category that experienced TC

intensification (Dy24h $ 5m s21; red), steadiness (25m s21 , Dy24h , 5m s21; black), and weakening (Dy24h #

25m s21; blue) 24 h after the burst onset, with lines drawn for TC intensity categories with at least 10 ICLBs.
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onset, where a larger frequency fell in the ‘‘steady’’ in-

tensity change category 24 h later. The climatological

distributions shown in Fig. 5 suggest that the cases with

an ICLB do not differ qualitatively from climatology; in

fact, a Wilcoxon rank-sum test confirms that no signifi-

cant differences exist between the ICLB distribution

and the climatological distribution. At shorter time

scales, DeMaria and Kaplan (1994) found a similar

positive correlation between the prior and future 12-h

intensity changes (i.e., persistence).

Portions of the prior intensity change hypothesis pro-

posedbyMolinari et al. (1999) are supported by the ICLB

climatology in this study. TCs that were steady prior to an

ICLBhad a larger frequency of intensification rather than

weakening 24h after burst onset, a pattern more preva-

lent in the NA basin. However, contrary to Molinari

et al.’s (1999) hypothesis, intensifying TCs that experi-

enced an ICLB were not more likely to weaken after-

ward; in fact, the highest frequency of intensification

following an ICLBoccurred in TCs that were intensifying

prior to the burst onset in both the ENP and NA. Ap-

proximately 56%(64%)of theTCs in theENP (NA)with

an ICLB that continued to intensify 24h after a previous

24h intensification period experienced an increase in the

intensification rate, with the average intensification rate

increasing by 6.7ms21 (7.8ms21) (not shown). This

finding aligns well with previous studies that have noted

an increase in inner-core lightning activity during periods

of TC intensification (Molinari et al. 1994, 1999; Squires

and Businger 2008; Stevenson et al. 2014; Zawislak et al.

2016). While no definitive signal for future intensity

change is apparent from the prior intensity change, the

results do suggest that intensification following an ICLB

is most likely to occur in TCs that were steady or in-

tensifying in the 24h prior, although a nonnegligible

fraction of TCs with ICLBs also experienced weakening

and steadiness.

2) AZIMUTHAL LOCATION

The azimuthal lightning distribution in TCs is pre-

dominately controlled by the direction of the deep-layer

vertical wind shear (Corbosiero and Molinari 2003;

Stevenson et al. 2016), such that 90% of lightning flashes

occur downshear (Corbosiero and Molinari 2002);

however, a few TCs have been observed with a majority

of the lightning flashes upshear (Stevenson et al. 2014;

Rogers et al. 2016). Approximately 75% of ENP and

NA ICLBs identified in this study occurred downshear,

slightly lower than the 90% of lightning flashes that

Corbosiero and Molinari (2002) found to occur down-

shear. Of those ICLBs occurring downshear, approxi-

mately 55% occurred in the downshear-left (DL)

quadrant, as expected from the TC vortex response in a

sheared environment (Corbosiero and Molinari 2002,

2003). When a TC is embedded in vertical wind shear,

the shear acts to tilt the TC vortex downshear. In re-

sponse, the secondary circulation downshear becomes

stronger in an effort to reduce the tilt and realign the

vortex (Reasor et al. 2004). Jones (1995) discusses how

the upper- and lower-level cyclonic potential vorticity

anomalies of the tilted vortex interact with one another

causing the tilt to precess cyclonically. The vortex tilt

usually stabilizes in the DL quadrant where the vertical

wind shear and vortex precession balance one another,

leading to stronger convection DL in the inner core

(Corbosiero and Molinari 2002).

FIG. 5. The frequency of TCs in favorable environments that were weakening (Dy24h # 25m s21; blue bars),

steady (25m s21 , Dy24h , 5m s21; black bars), and intensifying (Dy24h $ 5m s21; red bars) 24 h after an ICLB as

a function of the 24-h prior intensity change in the (a) ENP and (b) NA. The normalized distributions of all 2005–14

TCs in a favorable environment are shown in squares for a climatological comparison.
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The 24-h intensity change following ICLB onset

had a higher frequency of cases that intensified than

weakened in all shear quadrants (Fig. 6). In the NA,

nearly 4–5 times more TCs intensified, or remained

steady, than weakened 24 h after the ICLB onset in all

four shear quadrants (Fig. 6b); this relationship was

found to be statistically significant using a 10 000-

iteration bootstrap resampling test with replacement.

This same relationship holds true for the downshear-

right quadrant in the ENP (Fig. 6a); however, no sta-

tistically significant difference was found in the number

of TCs that intensified, remained steady, or weakened

with an ICLB observed in the upshear quadrants. Re-

gardless, Fig. 6 suggests that the azimuthal location of

burst initiation does not determine the intensity change

24 h later.

The motivation for analyzing the association between

the azimuthal location of ICLBs and the 24-h intensity

change came from Stevenson et al.’s (2014) finding of

an ICLB in Hurricane Earl (2010) that rotated into

the upshear-left quadrant near the beginning of rapid

intensification. They showed the TC vortex tilted toward

the upshear-left quadrant and hypothesized that the

observed ICLB signaled that the vortex precessed up-

shear and contributed to intensification through vortex

realignment from both the vertical wind shear and

strong convection downtilt (Zhang and Tao 2013; Rios-

Berrios et al. 2016). Figure 7 analyzes the rotation of

ICLBs that persist for at least 4 h using the 6-h SHIPS

deep-layer (850–200 hPa) vertical wind shear direction.

The azimuthal path of ICLBs around the TC center in

theNAwas, on average, longer than that of ICLBs in the

ENP (Table 2). Furthermore, a positive correlation was

found between the 24-h intensity change and the mean

pathlength of ICLBs in both basins, where TCs that in-

tensified tended to have a longer azimuthal path than

those that remained steady or weakened. This positive

relationship remained consistent for median ICLB

pathlengths in the NA. Ten of the 20 bursts in the NA

that rotated into an upshear quadrant (Fig. 7b) occurred

in TCs that intensified (red) compared to the three TCs

that weakened (blue) and the seven TCs that remained

steady (black), suggesting that rotation of an ICLB into

the upshear quadrants may provide a signal that in-

tensification is more likely over the next 24 h. This signal

was not as evident in the ENP (Fig. 7a), where 6 of the 15

bursts that rotated in the upshear quadrants were asso-

ciated with TC intensification, six TCs remained steady,

and three TCs weakened.

Recently, studies have indicated that convection oc-

curring upshear is favorable for intensification as it in-

dicates that sufficient moisture exists at midlevels and a

more symmetric diabatic heating signature can develop,

despite the TC being located in a sheared environment

(Guimond et al. 2010; Kieper and Jiang 2012; Zagrodnik

and Jiang 2014; Alvey et al. 2015; Zawislak et al. 2016).

Despite evidence in some cases that an ICLB beginning,

or rotating, upshear was associated with intensification,

the azimuthal location of the ICLB does not provide a

definitive indication of future TC intensity change. It

is worth noting that sufficient data do not exist to ana-

lyze the azimuthal ICLB location relative to the vortex

tilt, which may be a more important contributing factor

to the observed intensity change than the azimuthal

FIG. 6. The frequency of TCs in a favorable environment that were weakening (Dy24h # 25m s21; blue bars),

steady (25m s21 , Dy24h , 5m s21; black bars), and intensifying (Dy24h $ 5m s21; red bars) 24 h after an ICLB as

a function of the shear quadrant in the (a) ENP and (b) NA. The error bars indicate the range of statistical sig-

nificance at the 95th percentile using a 10 000 iteration bootstrap resampling test with replacement. Quadrants are

downshear right (DR), downshear left (DL), upshear left (UL), and upshear right (UR).
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location relative to the shear, as was found in the case of

Earl (2010) analyzed by Stevenson et al. (2014).

3) RADIAL LOCATION

The radial distribution of lightning has mostly been

observed from the perspective of the distance from

the TC center. As previously mentioned, lightning

typically has a radial peak in the inner-core region

(e.g., 0–100 km); however, the size of the inner core

can vary with the size of the TC. The RMW is a dis-

tance measurement that, to some extent, accounts for

TC size. A larger RMW is typically found in weaker

TCs (see Fig. 1), and the RMW usually contracts as

the TC intensifies (Shapiro and Willoughby 1982;

Willoughby 1990); though, as Stern et al. (2015)

showed, RMW contraction can sometimes cease in the

middle of rapid intensification.

The location of the ICLBs relative to the RMW

(r/RMW) and the subsequent 24-h intensity change are

shown in Fig. 8. Measurements of the RMW are most

accurately observed with aircraft reconnaissance;

however, methods for determining the RMW from

satellite-based methods are being developed (Knaff

et al. 2015). For our study, the RMW was determined

from flight-level winds in the FLIGHT1 dataset taken

within 1 h of the ICLB onset time, limiting the sample

size to 51 cases. It is worth noting that cases without a

clearly defined RMW (e.g., those with a radially broad

tangential wind maximum) and those without flight legs

extending to at least 100km were not included to isolate

the relationship between ICLBs and TC intensity

change in cases where the RMW was certain. The av-

erage 24-h intensity change of TCs with an ICLB inside

the RMW (i.e.,,1 RMW)was 5.3m s21, with seven TCs

intensifying and only one weakening after the

ICLB onset. Immediately outside the RMW (i.e., 1–1.5

RMW), the average 24-h intensity change was

22.6m s21.

It should be noted that the FLIGHT1 dataset

determines the RMW with respect to the Hurricane

Research Division (HRD) Willoughby–Chelmow flight-

levelwind center (Willoughby and Chelmow 1982), while

TABLE 2. The count, median pathlength (km), andmean pathlength (km) of ICLBs displayed in Fig. 7 for each basin and intensity change

category.

24-h intensity change ICLB count Median pathlength (km) Mean pathlength (km)

NA Intensifying 26 119.7 144.6

Steady 25 80.3 88.7

Weakening 10 70.3 82.0

ENP Intensifying 21 85.3 98.4

Steady 21 63.1 87.8

Weakening 7 86.6 79.8

FIG. 7. The rotation of ICLBs relative to the shear vector that met the criteria for four or more hours for TCs in

a favorable environment for the (a) ENP and (b) NA displayed as an ascending radial distance. The dots represent

the shear-relative location for each hour of the ICLB, with larger dots indicative of the beginning and ending burst

locations. Each long-lived burst is color coded by the 24-h intensity change following the ICLB onset: intensifying

(Dy24h $ 5m s21; red), steady (25m s21 , Dy24h , 5m s21; black), and weakening (Dy24h # 25m s21; blue).

FEBRUARY 2018 S TEVENSON ET AL . 31



the NHC best-track database, which was used to locate

the radial position of ICLBs in this study, represents a

smoothed track of the geometric surface center of the

TC. Despite this difference, a sensitivity analysis

showed that the patterns of ICLBs with respect to the

RMW remained largely the same regardless of which

track position data were used to locate the ICLBs (not

shown). Figure 8 contains error bars that indicate one

standard deviation of 10 000 samples that added nor-

mally distributed random errors [60.28; consistent with
the average position errors discussed in Landsea and

Franklin (2013)] to the linearly interpolated NHC best-

track positions. These error bounds demonstrate that

the relationship between the RMW-relative ICLB lo-

cation and subsequent intensity change is robust de-

spite potential TC position errors that may exist in the

best track.

Beyond 1.5 RMW, there was a larger preference for

intensification in TCs with an ICLB, possibly related to

rainband convection instead of inner-core convection.

Although capturing rainband flashes is a side effect

of using a fixed radius to define the inner core, the ten-

dency for more TCs to intensify with bursts of lightning

in the rainbands agrees with the findings of DeMaria

et al. (2012) and Stevenson et al. (2016). We are in-

vestigating the relationship between outer rainband

flashes and TC intensity change in ongoing research.

A spatial composite of the lightning densities for

weakening, steady, and intensifying TCs relative to the

RMWand vertical wind shear for the 51 cases in Fig. 8 is

shown in Fig. 9. The weakening cases had the highest

average lightning flash densities just outside the RMW

(note that the lightning densities inside the RMW

greater than 2.60 3 1023 flashes km22min21 in Fig. 9a

are associated with the outlier in Fig. 8 located at 0.66

RMW with a 24-h intensity change of 210m s21). The

intensifying cases had two pronounced signals: 1) large

lightning flash densities located at or inside the RMW,

with a considerable lightning flash density located up-

shear, and 2) large lightning flash densities between 2

and 3 RMW, focused in the downshear-right quadrant

where lightning typically peaks in the outer rainbands

(Corbosiero and Molinari 2002). This latter result is

consistent with the intensification noted above beyond

1.5 RMW and gives credence to the hypothesis that

these are outer rainband flashes.

FIG. 9. The lightning density relative to the RMW for (a) weakening (Dy24h #25m s21), (b) steady (25m s21 , Dy24h , 5m s21), and

(c) intensifying (Dy24h $ 5m s21) TCs for the 51 cases shown in Fig. 8. Radial rings are shown at the RMW (red), 2 3 RMW, and 3 3
RMW. The shear vector is pointing toward the right, and the number of ICLBs included in each composite is located in the bottom left of

all panels.

FIG. 8. The 24-h intensity change (m s21) of NA TCs with an

ICLB relative to the RMW (r/RMW; logarithmic scale) with air-

craft reconnaissance within 1 h of the observed ICLB. The errors

bars indicate one standard deviation of 10 000 random errors

(60.28) added to the NHC best-track position.
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Previous studies have advocated for the importance of

convection relative to the RMW, both theoretically and

observationally. Rogers et al. (2013) examined ‘‘convec-

tive bursts’’ based on the top 1% of vertical velocities

from airborne Doppler observations and found a pref-

erence for bursts to be located radially inward of the

RMW in intensifying TCs and radially outward of the

RMW in steady-state TCs. Corbosiero et al. (2005) and

Stevenson et al. (2014) highlighted convection inside the

RMW of intensifying TC case studies using radar and

lightning, respectively. The modeled response of the

secondary circulation to a heat source (e.g., convection)

at or inside theRMWleads to TC intensification (Shapiro

and Willoughby 1982; Pendergrass and Willoughby

2009). Thermodynamically, diabatic heating from con-

vection would be radially confined to the TC core and be

more efficient for intensification since the region inside

the RMW is characterized by a larger inertial stability

(Vigh and Schubert 2009). Dynamically, the radial over-

turning circulation resulting from convection inside the

RMW advects absolute angular momentum radially in-

ward, contracting the RMW and intensifying the TC

(Smith andMontgomery 2016). The radial location of the

ICLBs had the most robust signal for reconciling the in-

tensity change disparities found in previous TC lightning

studies and holds the most promise for aiding in TC in-

tensity forecasting.

4. Summary and conclusions

This study identifies ICLBs (i.e., concentrated regions

of lightning activity in the TC inner core) on a spatial

grid comparable to the expected GOES-16 GLM reso-

lution using lightning location data from the WWLLN

between 2005 and 2014 in the ENP and NA basins. Most

of the ICLBs identified in a favorable environment (i.e.,

low shear and warm SSTs) were associated with weak

TCs (i.e., TDs and TSs) and intensified (remained

steady) 24 h after burst onset in the NA (ENP). The

identified ICLBs were used to test three hypothesized

factors that could influence the 24-h intensity change:

d Prior intensity change—TCs that experienced an

ICLB were most likely to intensify 24 h afterward if

the TC was steady (25ms21 , Dy24h , 5ms21) or

intensifying (Dy24h $ 5ms21) prior to ICLB onset.

The rate of intensification was found to increase in

most TCs that were intensifying both 24h before and

after ICLBs.
d Azimuthal burst location—Most ICLBs initiated down-

shear, as expected, with most TCs intensifying or

remaining steady 24h afterward. Of the TCs with

ICLBs that initiated upshear, a higher percentage

intensified rather than weakened (Dy24h # 25ms21);

however, this relationship was found to be true in all

shear quadrants in the NA, negating ICLBs initiated in

the upshear quadrants as a distinguishing factor for the

future 24-h intensity change. A majority of the long-

lived ($4h) ICLBs that rotated into the upshear

quadrants were in TCs that intensified, particularly in

the NA basin, lending some credence to recent studies

that more symmetric convection is beneficial to TC

intensification.
d Radial burst location—The most robust result was

that ICLBs that occurred at or inside the RMW were

associated with TC intensification, whereas those just

outside the RMW were associated with weakening.

This compliments other observational and theoretical

studies that have stressed the importance of a heating

source (i.e., convection) radially inside the RMW for

intensification.

Figure 10 shows a schematic summary of the scenario

most likely to be associated with TC intensification in the

presence of an ICLB (gray shading). This includes 1) a

steady or intensifying TC 24h prior to the ICLB onset, 2)

an ICLB initiating in the downshear- or upshear-left

quadrants, and 3) an ICLB located near or inside the

RMW. The authors propose a graphic, such as the one

shown inFig. 11, that combines the lightning flash density,

the flight-level RMW, and the deep-layer vertical wind

shear direction to aid forecasters in determining if an

FIG. 10. A schematic summary highlighting the scenarios when

an ICLB (gray shading) is most likely to be associated with TC

intensification (Dy24h $ 5m s21) as it pertains to the three tested

hypotheses: 1) the prior intensity change (maroon), 2) the location

relative to the deep-layer vertical wind shear vector (dark blue),

and 3) the location relative to the RMW (green).
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ICLB fits the schematic in Fig. 10, indicating whether TC

intensification is likely over the next 24h.

Many recent studies utilizing regional and global

lightning detection ground networks have found con-

flicting associations between lightning activity in the

inner core and TC intensity change. This study isolates

bursts within the inner core (rather than an average

inner-core lightning flash density) and provides evi-

dence that the radial location relative to the RMW is the

most important factor in determining the sign of the

intensity change 24h after an ICLB. Thus, based on

the results of prior studies with a robust sample size that

found higher flash densities in weakening (intensifying)

TCs in the North Atlantic (western North Pacific), one

might hypothesize that deep convection is more likely to

initiate in different RMW-relative radial regions across

different TC basins and, as a result, the TCs undergo

different average 24-h intensity changes. Nevertheless,

the results from our study using data from the continu-

ously sampling WWLLN, a network that detects IC

flashes at a lower efficiency than CG flashes, suggest

that the GOES-16 GLM, a continuously sampling in-

strument with a high detection efficiency of bothCG and

IC flashes, will provide the most useful information to

aid in TC intensity forecasts when lightning flash density

is viewed in unison with the RMW (whether from flight

reconnaissance or satellite-derived methods).
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